ABSTRACT Sensory neuron membrane proteins (SNMPs) play an especially important role in insect pheromone communication. However, the SNMPs for the Asiatic rice borer, Chilo suppressalis (Walker) (Lepidoptera: Pyralidae), a notorious rice pest, remain uncharacterized. Here we report the cloning and characterization of two novel SNMPs from the C. suppressalis, CsupSNMP1 and CsupSNMP2. The CsupSNMP1 and CsupSNMP2 cDNAs contained open reading frames (ORFs) of 1,572 and 1,569 bp, encoding proteins of 523 and 522 amino acid residues, respectively. The amino acid identity between the two deduced CsupSNMPs was low (30% identity), but they shared a high degree of similarity to previously characterized SNMP1s or SNMP2s from other moth species, which is consistent with phylogenetic analysis in which CsupSNMP1 and CsupSNMP2 are clustered into two distinct groups based on their amino acid sequences. The expression patterns of CsupSNMPs in various adult tissues and in different developmental stages were determined by real-time quantitative polymerase chain reaction. The results showed that both CsupSNMP1 and CsupSNMP2 were abundantly expressed in the male and female antennae, reaching their maximum in the adult stage, suggesting the two genes are involved in the process of olfaction. Low levels of CsupSNMP2 also were expressed in nonolfactory tissues such as legs and wings, implying possible gustatory roles of the protein in the moth.
Insects perceive their environment based primarily on the semiochemicals. These chemicals provide accurate information about foods, toxins, mating partners, and are vital for the survival of most insect species. Insects rely heavily on their olfactory and gustatory receptors (ORs and GRs) in detection and discrimination of a wide range of chemical cues, in addition to chemosensory signal transduction (Scott et al. 2001 , Fu et al. 2012 . These functionally specialized receptors are localized in the dendrite membrane of the olfactory and gustatory neurons, which house in sensory hairs called sensilla (Dahanukar et al. 2005) . In many insects, olfactory sensilla are mainly present on the antennae, whereas gustatory sensilla distribute more broadly in various parts of the body, including the proboscis, the legs, the wings, and female genitalia (Ha and Smith 2009) .
In olfactory sensilla of insects, odorant reception involves a family of olfactory proteins including odorant-binding proteins (OBPs), chemosensory proteins (CSPs), and odorant-degrading enzymes (ODEs) (Vogt 2003 , Pelosi et al. 2006 , Kaupp 2010 . With the assistance of OBPs and CSPs, small hydrophobic odorant molecules from periphery of the sensilla were able to pass through the aqueous lymph to the ORs, which were located on the dendritic membranes, thus guide the insect behavior (Leal 2005, Touhara and Vosshall 2009) , whereas ODEs degraded odorant molecules to rapidly terminate these signals within the sensillum (Vogt 2003) . Apart from these factors, there are other kinds of proteins located in the dendritic membrane, sensory neuron membrane proteins (SNMPs), involved in the process of olfaction.
SNMP Þrst was isolated from the polyphemus moth, Antheraea polyphemus (Cramer) (ApolSNMP1), where the protein was coexpressed with pheromone receptors on the membrane of pheromone-sensory neurons in antennal trichoid sensilla (Rogers et al. 1997 , Forstner et al. 2008 . Soon after, another SNMP subtype (SNMP2) was identiÞed in moth Manduca sexta (L.) (Rogers et al. 2001a) . In contrast to SNMP1, SNMP2 was accumulated in sensilla support cells that surrounded the pheromone-sensory neurons (Forstner et al. 2008 ). In the model organism Drosophila melanogaster (Meigen), one SNMP (DmelSNMP1) has been functionally characterized. The responses from SNMP-mutant ßies to the pheromone 11-cis-vaccenyl acetate (cVA) were completely abolished, whereas perception of "general" food odorants was not affected within the mutant (Benton et al. 2007 , Jin et al. 2008 . Therefore, it is reasonable to assume that SNMPs, as homologs of human CD36 scavenger receptor (Febbraio and Silverstein 2007, Nassir et al. 2007) , are essential elements contributing to the capture of lipophilic pheromone compounds in olfactory signal transduction (Benton et al. 2007 ). In addition, further studies have demonstrated SNMP involvement in the inhibition of spontaneous activity of pheromone neurons in the absence of cVA (Jin et al. 2008) . Thus, it is conceivable that the insect SNMPs could be potential targets for developing novel pest control strategies such as pheromone-mediated behavior manipulation.
In the current study, we isolated the full-length cDNA of SNMP1 and SNMP2 genes (CsupSNMP1 and CsupSNMP2) from the Asiatic rice borer, Chilo suppressalis (Walker) (Lepidoptera: Pyralidae), a disruptive insect pest that causes considerable economic damage to rice crops in Asia (Zhu et al. 2007 ). The expression levels of the two genes in different tissues of male and female moths and at different developmental stages were examined further.
Materials and Methods
Insects and Tissues. Larvae of C. suppressalis were collected from the experimental Þelds of the China National Rice Research Institute (30Њ 3Ј N, 119Њ 55Ј E), Fuyang, China. The larvae were reared on rice seedlings at 26ЊC, 60% RH, and a photoperiod of 16:8 (L:D) h. Adults were collected and anesthetized on ice. Male and female individuals were segregated and dissected to antennae, heads (without antennae), thoraces, abdomens, legs and wings. The body parts were frozen immediately in liquid nitrogen and stored at Ϫ80ЊC before use.
RNA Manipulation. Total RNA from antennae of male and female moths was isolated by Trizol reagent (Invitrogen, Carlsbad, CA), according to the manufacturerÕs protocol. RNase-Free DNase (Takara, Dalian, China) treatments were performed to avoid genomic DNA contamination. The quality and concentration of total RNA samples were determined by NanoDrop 2000 spectrophotometer (Thermo ScientiÞc, Wilmington, MA) and gel electrophoresis; 1 g of the total RNA was used to synthesize Þrst-strand cDNA by using RevertAid Premium First Strand cDNA Synthesis Kit (Fermentas, Glen Burnie, MD).
Amplification of the Full-Length cDNA. Primers (Table 1 ) used for reverse transcription polymerase chain reaction (PCR) (RT-PCR) were designed according to the most conserved regions of moth SNMPs. C. suppressalis antennal cDNA were selected as template and KOD FX DNA polymerase (Toyobo, Osaka, Japan) was used for ampliÞcation. PCR reactions were performed under the following conditions: one cycle of 2 min at 94ЊC; 35 cycles of 10 s at 98ЊC, 30 s at 56ЊC (for CsupSNMP1) or 53ЊC (for CsupSNMP2) and 1 min at 68ЊC; and a Þnal extension of 10 min at 68ЊC. PCR products were gel-puriÞed, cloned into the vector pEASY-Blunt (TransGen, Beijing, China), and sequenced. After obtaining partial cDNA fragments of two CsupSNMPs, gene-speciÞc primers (GSPs, see Table 1 ) were designed for rapid ampliÞcation of cDNA ends (RACE). The RACE procedure was carried out with 5Ј-Full RACE Kit and 3Ј-Full RACE Core Set version 2.0 (Takara) in accordance with the manufacturerÕs instructions.
Quantitative Real-Time PCR. To determine the relative transcription levels of CsupSNMP1 and CsupSNMP2 in various tissues and in different developmental stages of C. suppressalis, we performed quantitative real-time PCR (qPCR). Tissues from male and female adults, including antennae, heads (without antennae), thoraces, abdomens, legs, and wings were collected; insects in different developmental stages (embryos, larvae, pupae, and adults) also were collected. Total RNA isolation and cDNA synthesis were described in RNA Manipulation, with each cDNA sample diluted to 10 ng/l in MilliQ water (Millipore Corp., Billerica, MA). Primers (Table 1) for Bioinformatics. Sequence similarity and searching for orthologs was performed using BLAST netserver (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The theoretical isoelectric points and molecular weights of the deduced CsupSNMP proteins were obtained by using ExPASy server (http://www.expasy.org/tools/ protparam.html). Transmembrane domains were predicted with TMHMM program (http://www.cbs. dtu.dk/services/TMHMM). The amino acid sequences of CsupSNMPs and their orthologs were used for multiple sequence alignments by ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/), and a neighbor-joining tree (1,000 bootstrap replicates) was constructed using the MEGA Þve software (Tamura et al. 2011) .
Results

Molecular
Cloning and Sequence Analysis of C. suppressalis SNMPs. Using a homology-based PCR cloning strategy in combination with the 5Ј-and 3Ј-RACE method, two full-length C. suppressalis SNMPs Þnally were obtained. The sequences for the CsupSNMP1 and CsupSNMP2 were deposited in the GenBank under GenBank JX401524 and JX401525. The complete open reading frames (ORFs) of CsupSNMP1 and CsupSNMP2 were 1572 and 1569 bp, respectively. CsupSNMP1 cDNA encodes a 523 amino acid protein, with a calculated molecular weight of 58449 Daltons and isoelectric point of 7.91; whereas CsupSNMP2 encodes a protein of 522 amino acids with calculated molecular weight of 58318 Daltons and isoelectric point of 6.64. Prediction with the TMHMM programs indicated that the amino acid sequences of CsupSNMP1 and CsupSNMP2 both contain putative ␣-helical two-transmembrane domain with intracellular N-and C-terminus and a large extracellular loop (Fig. 1) . Five conserved cysteine residues could be clearly observed in the loop regions of CsupSNMP1 and CsupSNMP2, as well as their orthologs from other lepidopteran insects (Fig. 1) . These conserved cysteines were consistent within the vertebrate CD36 family proteins (Rasmussen et al. 1998 ) and were considered to be involved in the formation of disulÞde bridges, which determine the conformational stability of the region and the biological functions of the protein (Rogers et al. 1997 , Rasmussen et al. 1998 .
The amino acid identity between CsupSNMP1 and CsupSNMP2 was low (30% identity), and they are more similar to the homologous proteins from other moth species. CsupSNMP1 displays a high identity with Ostrinia nubilalis (Hü bner) SNMP1 (75%), Heliothis virescens (F.) SNMP1 (72%), and Manduca sexta SNMP1 (69%), whereas CsupSNMP2 is more similar to O. nubilalis SNMP2 (76%), M. sexta SNMP2 (68%), and H. virescens SNMP2 (66%).
Phylogenetic Analysis. To explore the relationships among insect SNMPs, a phylogenetic tree was constructed based on amino acid sequences of CsupSNMP1, CsupSNMP2, and annotated SNMP orthologs from order Lepidoptera, Coleoptera, Hymenoptera, and Diptera (Fig. 2) . The analysis revealed SNMP1s and SNMP2s clustered into distinct groups. In group SNMP1, proteins were clustered into branches in accord with the phylogeny of the insect orders. CsupSNMP1 clustered on a branch with O. nubilalis SNMP1, Ostrinia furnacalis (Guenée) SNMP1, and Cnaphalocrocis medinalis (Guenée) SNMP1, all members of the family Pyralidae. A similar pattern was observed in group SNMP2 in that CsupSNMP2, O. nubilalis SNMP2, O. furnacalis SNMP2, and C. medinalis SNMP2 clustered on one branch. Clearly C. suppressalis SNMPs have a closer evolutionary relationship to SNMPs of the family Pyralidae than those of other insect families.
Expression Patterns of CsupSNMP1 and CsupSNMP2. To investigate the relative expression levels of Csup-SNMP1 and CsupSNMP2 in different tissues and developmental stages of C. suppressalis, qPCR experiments were performed with speciÞc primers (Fig. 3) . Because whole-genome information for C. suppressalis is not available, we performed DNase treatment to avoid possible genomic contamination in the cDNA preparation, instead of designing intron-spanning primers. Because the ampliÞcation efÞciencies of the target and reference genes were similar in the qPCR experiment, we use the 2 Ϫ⌬⌬Ct method (Livak and Schmittgen 2001) for quantitative analysis. Each sample was normalized with 18S rRNA gene.
The results show that, clearly, expression of Csup-SNMP1 and CsupSNMP2 were most abundant in the antennae in both sexes of C. suppressalis compared with other tissues. CsupSNMP1 was highly enriched in male antennae, in which the gene transcripts were higher (Ϸ1.57-fold) than that in females. However, the differences of antennal CsupSNMP1 levels between the two sexes were not signiÞcant. CsupSNMP1 can hardly be detected in other nonolfactory tissues, such as head (without antennae), thorax, abdomen, leg, and wing (Fig. 3A) . CsupSNMP2 was also an antenna-speciÞc gene, with transcription level significantly higher in male antennae (Ϸ1.78-fold) than that in females (P Ͻ 0.05, Fig. 3B ). Interestingly, small amount of CsupSNMP2 can be detected in legs and wings of both sexes, but with no signiÞcant difference found between male and female (Fig. 3B) .
The relative expression levels of CsupSNMP1 and CsupSNMP1 at different developmental stages of C. suppressalis subsequently were examined with qPCR (Fig. 3C) . Transcript levels of both CsupSNMPs were very low in embryos, larvae, and early phase pupae, but increased signiÞcantly in the Þfth-phase pupae and reached their maximum at the adult stage. We also found that in pupae, as well as in adults, CsupSNMP1 transcripts were signiÞcantly higher than CsupSNMP2 (Fig. 3C) .
Discussion
Insect SNMPs are membrane proteins that Þrst were found abundantly expressed in the antennae of the polyphemus moth, A. polyphemus, and the tobacco hornworm, Manduca sexta (Rogers et al. 1997; 2001a,b) . SNMP1 has been suggested to play central roles in pheromone perception because it was localized in the receptor membranes of pheromone-sensitive neurons (Rogers et al. 1997 , Forstner et al. 2008 ).
In previous research, SNMP orthologs in the class Insecta were found primarily in the order Lepidoptera, but other members of this gene family have now been identiÞed and characterized from several insect species for which partial or completed genome sequences are available: Lepidoptera (moths), Diptera (ßies and mosquitoes), Hymenoptera (bees), and Coleoptera (beetles) (Nichols and Vogt 2008, Vogt et al. 2009) . In this study, we identiÞed two novel lepidopteran SNMPs from C. suppressalis. The two CsupSNMPs show typical features of the SNMP family including two-transmembrane domains, Þve conserved cysteine residues consistent with the members of vertebrate CD36 receptor family (Fig. 1) (Rasmussen et al. 1998) , and have predicted amino acid sequences highly similar to SNMPs from other moth species. The identiÞcation of the two CsupSNMPs not only extends the moth SNMP family, but also facilitates the future functional research in C. suppressalis.
Phylogenetic analysis showed that insect SNMP family is classiÞed into two distinct groups, SNMP1 and SNMP2 (Fig. 2) . The present neighbor-joining tree is consistent with a previous report from Vogt et al. (2009) . In this tree, obviously there are splits that occurred between and within insect orders in each group. The split sites throughout the four lineages implied the evolutionary relationship between these proteins. Two recent reports (Nichols and Vogt 2008, Vogt et al. 2009 ) analyzed the sequence similarity and intron locations of SNMP orthologs from orders Lepidoptera, Diptera, Hymenoptera, and Coleoptera, Þnding that the intron insertion sites of SNMP orthologs tend to follow the same patterns. Moreover, many of these sites, as well as the exon boundary phases, are conserved even between different insect orders. These factors indicated that during long history evolution, gene duplication events lead to the two distinct SNMP groups. Indeed, if similar exon and intron structures in genomes were observed within a group of genes, they may have arisen from a shared ancestral gene by gene duplication (Merritt et al. 1998) . Insects appeared on the face of the earth Ϸ400 million years ago (Ma), with the divergence of the holometabolous groups (Coleoptera, Hymenoptera, Diptera, and Lepidoptera) thought to have occurred Ͼ300 Ma (Wiegmann et al. 2009 ). The SNMP genes of holometabolous insects share the similar intron sites and conserved exon and intron boundaries, suggesting that the two groups of insect SNMPs were derived from a common ancestor (Vogt et al. 2009 ). The guidance of introns and exons in SNMP evolution can be further elucidated when additional exon and intron data becomes available from more insect species.
Real-time PCR indicated that CsupSNMP1 and CsupSNMP2 were differentially expressed in various tissues of C. suppressalis adults (Fig. 3A and 3B) . The abundant expression of CsupSNMPs in the antennae of both sexes is consistent with the earlier Þndings from A. polyphemus, M. sexta, and Amyelois transitella (Walker), as well as Plutella xylostella (L.) (Rogers et al. 1997 (Rogers et al. , 2001a Leal et al. 2009; Li and Qin 2011) . In addition, both of the CsupSNMPs show high transcription levels in the adult stage (Fig. 3C) ; this expression proÞle was similar to that of previously characterized olfactory genes in moth antennae (Vogt et al. 1989 , Rogers et al. 1999 , Leal et al. 2009 ), strongly supporting the view that CsupSNMPs play important roles in olfactory communication. D. melanogaster that bear a mutation in the SNMP1 completely lost their olfactory responses to pheromone cVA (Benton et al. 2007 , Jin et al. 2008 . To date, however, there is no direct evidence in the literature as to the functions of SNMP2. Our results show that CsupSNMP2 also expressed in nonolfactory tissues (legs and wings), indicating that the membrane protein might be involved in the interactions with other unknown processes apart from the olfactory signaling pathways. SNMP2s of D. mela- Fig. 2 . Phylogenetic analysis of insect SNMPs. CsupSNMP1 and CsupSNMP2 are marked by black circles. The tree was done by neighbor-joining method by using the program MEGA Þve (Tamura et al. 2011 ), test of phylogeny was done by bootstrapping sampled 1,000 times, bootstrap values Ͼ60% are indicated.
nogaster and A. aegypti (L.) were expressed in a variety of parts of the body, including legs and wings (Vogt et al. 2009 ). Consider that abundant gustatory sensilla are distributed on these body parts of the two insects (Melo et al. 2004 , Montell 2009 , it is tempting to suggest that SNMP2s probably coexpressed with GRs in these tissues, extensively involved in gustatory processes recognizing lipid-derived molecules. However, evidence for the expression of SNMP2s in gustatory neurons and whether it does in fact associate with GRs remain important subjects for future research.
